Complementary to the experimental studies on magic Ba clusters ͓Rayane et al., Phys. Rev. A 39, 6056 ͑1989͔͒, it is theoretically found that magic Ba clusters with 13, 19, 23, 26, 29 , and 32 atoms have icosahedral or polyicosahedral structures, which are induced by 5d-electron bonding. As the cluster grows, the average binding energy and mean bond length increase, while the highest occupied-lowest unoccupied molecularorbital gap decreases. Due to the large atom size of Ba, there are large cavities in magic Ba clusters, where O atoms are trapped in the oxidation, and a small amount of oxygen can sustain the structural skeleton, which results in the fact that Ba suboxide clusters can have the same magic numbers as pure barium clusters, as found in experiment.
I. INTRODUCTION
One of the significant goals in cluster science is to understand how physical properties and structures evolve from an atom to a molecule, to cluster, and in the end to a bulk phase. In this sense, divalent metal ͑Be, Mg, Ca, Sr, Ba͒ clusters are especially interesting systems. Due to the closed-shell ns 2 electronic configuration of their atoms, they can exhibit a nonmetal-metal transition as the cluster size increases. Their dimers are weakly bonded and as the cluster size increases, the valence s states hybridize with the unoccupied states, which leads to the metallization. Therefore, many studies were devoted to the divalent metal clusters. It has been found that the magic numbers for Be clusters are 4, 10, and 17 ͓1͔. Larger Be clusters are based on a trigonal prism structure similar to the hcp bulk; Be 13 is not an icosahedron, and there is a remarkable tendency toward two-dimensional growth pattern related to hcp packing, which suggests that directional bonding is important in these clusters ͓1͔.
For Mg clusters, tetrahedron and trigonal prisms are two important constituents of the structure to which atoms can be added by capping the faces ͓2͔, and the magic numbers are found to be 4 and 10 ͓2͔, which can be understood in terms of a filling of the electronic shells in a spherical jellium model ͓3͔. For a Sr cluster, a recent experiment ͓4͔ found that the magic numbers are 11, 19, 23, 34, 43, 52, 61, and 81. However, for a Ba cluster, the magic numbers are quite different. They are 13, 19, 23, 26, 29, and 32 ͓5͔, which Although more than ten years have passed since the first identification of magic numbers for Ba clusters ͓5͔, no paper answering these questions has been published. As far as we know, only small Ba n (nϭ2 -14) clusters have been theoretically studied ͓8͔.
͑2͒ In alkali-metal ͑Li, Na, Cs͒ oxide clusters ͓9-12͔, one oxygen atom localizes the valence electrons from two alkalimetal atoms; the remaining valence electrons from the other alkali-metal atoms are delocalized within the cluster, which can cause clusters to be magic in the form of (M 2 O)M n with shell closings ͑e.g. nϭ8, 20, and 40 for Li; nϭ8, 18, 34, 58, and 92 for Cs͒. If this trend is followed in Ba oxide clusters, it seems that one oxygen atom should localize the valence electrons from one Ba atom, i.e. (BaO)Ba n should be magic, with nϭ13, 19, and 23. However, this conflicts with the experimental results. Why does oxidation not change the magic numbers? What is the role of the oxygen in the structure?
Theoretical studies concerning the above questions are highly desirable. In this paper we try to answer these questions by using first-principles methods.
II. THEORETICAL METHOD
Ab initio methods based on density-functional theory ͑DFT͒ are well established tools to study structural properties of materials. In particular the plane-wave basis and the pseudopotential method, combined with DFT, have provided a simple framework in which the calculation of HellmannFeynman forces is greatly simplified, so that extensive geometry optimization is possible. However, for oxygen, due to the lack of corresponding core states for cancellation, the tightly bound 2p valence wave functions are sharply peaked. As a result, in the conventional pseudopotential scheme, a relatively hard pseudopotential has to be generated, and a relatively large number of plane-wave basis functions are required in calculations, which causes some difficulties for studies of the structures of oxide clusters. In the present calculations, we used an ab initio ultrasoft pseudopotential scheme with a plane-wave basis ͑the Vienna ab initio simulation program͒ ͓13-15͔, in which the finite-temperature local-density functional theory developed by Mermin ͓16͔ is used, and the variational quantity is the electronic free energy. Finite temperature leads to a broadening of the oneelectron levels that is very helpful for improving the convergence of Brillouin-zone integrations. The electron-ion interaction is described by a fully nonlocal optimized ultrasoft pseudopotential ͓13͔. For oxygen, a 2s 2 2p 4 configuration is used as the reference state to construct ultrasoft pseudopotentials; for s and p orbitals, the cutoff radii are 1.40 and 1.55 a.u., respectively. With this ultrasoft pseudopotential, for the O 2 molecule, a bond length of 1.21 Å is obtained, which is in good agreement with the experimental value of 1.207 Å ͓17͔. For an H 2 O molecule, the H-O bond length is 0.963 Å and the ЄHuOuH bonding angle is 104.9°, also in agreement with experimental results of 0.9575 Å and 104.51°͓17͔.
A minimization of the free energy over the electronic and ionic degrees of freedom is performed using the conjugategradient iterative minimization technique ͓18͔. In the optimizations of structures, the edge lengths chosen for the supercubic cell are 33 and 22 Å for pure Ba clusters and small Ba oxide clusters, respectively. In such a large supercell, we use the ⌫ point to represent the Brillouin zone. The exchangecorrelation energy of valence electrons is adopted from the form of Ceperley and Alder ͓19͔ as parametrized by Perdew and Zunger ͓20͔. The structure optimization is symmetry unrestricted, and the optimization is terminated when all the forces acting on the atoms are less than 0.03 eV/Å.
III. RESULTS AND DISCUSSIONS
In order to test our calculations, first we have performed numerical calculations on Ba 2 , Ba 4 , and BaO. The obtained bond length for Ba 2 is 4.72 Å; for Ba 4 the most stable structure is a regular tetrahedron with a bond length of 4.44 Å, and for BaO the bond length is 2.09 Å. All of these are in agreement with the other theoretical results ͓6,8͔.
A. Structures and growth mechanism of magic Ba clusters

Structures
To confirm whether small Ba clusters really grow in an icosahedron sequence, we choose several structures to calculate: polyicosahedral structures ͓7͔ with 13, 19, 23, 26, 29, and 32 atoms, such that the center͑s͒ of the icosahedral form͑s͒ a monomer, a dimer, an equilateral triangle, a tetrahedron, a trigonal bipyramid, and so on; for some clusters, the calculations are also performed on other structures, as listed in Table I . For Ba 13 and Ba 19 clusters, a polyicosahedron ͑PICO͒, a decahedron ͑DEC͒, and a cuboctahedron are calculated. For a Ba 23 cluster, a polyicosahedron and a decahedron are calculated. For a Ba 32 cluster, four structures are calculated. The first one is polyicosahedron. The second one also has an icosahedral symmetry structure, composed of two concentric spherical shells: the inner shell is an icosahedron, and the outer shell is a dodecahedron, having 12 and 20 atoms, respectively. The third structure is a Bergman sphere ͓21͔, which exchanges the inner and outer shells in the second structure. The fourth structure has a D 4h symmetry formed of six squares and eight centered hexagons, and is the most stable of the spherical structures of the B 32 cluster ͓22͔. Comparing the average binding energy per atom, we find that, among all the isomers, the polyicosahedral structure is most stable, which should be also true for Ba 26 and Ba 29 clusters from the general trend, although only a PICO structure is calculated for these two clusters. Figure 1 shows the structures of the calculated clusters. Figure 2 shows the changes of the average binding energy per atom ⑀, and a highest occupied-lowest unoccupied molecular-orbital ͑HOMO-LUMO͒ gap ␦, and the mean nearest-neighbor bond length r with the cluster size for PICO structures. We see that with the increase of cluster size the average binding energy per atom increases. However, a small oscillation exists for a Ba 32 cluster: the binding energy is a slightly smaller as compared to that for Ba 29 . The HOMO-LUMO gap decreases rapidly with the cluster size. In clusters, the contraction of the bond length is believed to be a reflection of the surface effect; as the cluster grows, the mean nearest-neighbor bond length r increases, as indicated in Fig. 2͑c͒. 
Growth mechanism
As stated above, small Ba clusters grow in an icosahedral sequence. Why is this? Up to now, it was found that there are two kinds of clusters growing in an icosahedral mode: one is (  1 D 1 ) . Therefore, in Ba clusters, due to the orbital hybridization, 5d electrons are expected to contribute to the bonding, which can be detected by Mulliken population analysis. To this end, with the optimized structure, numerical atomic wave functions are used as the basis set for the expansion of wave functions. Group theory is used to symmetrize the basis functions, which transforms as one of the irreducible representations of the point group of the cluster ͓26͔. The 5d, 6s, and 6p orbitals of Ba are used as the basis set, and the cluster orbitals are expanded in a linear combination of the symmetrized basis functions. The KohnSham equation is solved self-consistently with the discrete variational method ͓27͔.
Ba 13 and Ba 19 are taken as examples of Mulliken population analysis. For a Ba 13 cluster, the average Mulliken populations per atom in 5d, 6s, and 6 p orbitals are 0.7794, 0.6865, and 0.5226; while for a Ba 19 cluster, the corresponding numbers are 0.7929, 0.7770, and 0.4300, respectively. Furthermore, the HOMO in Ba 13 is composed of 79% 5d, 19% 6s, and 2% 6p orbitals. The HOMO in Ba 19 is composed of 71% 5d, 22% 6s, and 7% 6 p orbitals, as indicated in Table II . We can see that 6s orbitals strongly hybridize with 5d and 6 p orbitals, differing from the situations in Be and Mg clusters ͓1,2͔, where only sp hybridizations Fig. 3͑a͔͒ . ͑2͒ The O atom is capped on the threefold site of the icosahedron Ba 13 forming a Ba 13 O cluster ͓Fig. 3͑b͔͒. ͑3͒ The O atom is in the interstitial site of a Ba 13 cluster ͓Fig. 3͑c͔͒. It is found that the last situation is the most stable. The average binding energy per atom is 2.13 eV, and the mean nearest bond length among Ba atoms decreases to 4.254 from 4.289 Å for a pure Ba 13 cluster.
According to the icosahedron growth mode, the structure of Ba 14 is a capped icosahedron. Among all possible configurations, we found that the most stable position for an O atom in Ba 14 is that the O atom is inside of a tetrahedron composed of the capped Ba atom and three surface Ba atoms shown in Fig. 3͑d͒ . The average binding energy per atom in this cluster is 2.04 eV, which is smaller than that for a Ba 13 O cluster, suggesting that a Ba 13 O cluster is more stable than a (BaO)Ba 13 cluster. This is the reason that a Ba 13 O cluster is observed in mass spectra and a (BaO)Ba 13 cluster is not. Why does oxidation not change the magic numbers? From the structure of the Ba 13 O cluster, we found that there is a large cavity; the mean bond length of Ba-O is 2.545 Å, which is much larger than the bond length in a BaO molecule. Due to the high stability of Ba 13 , the absorbed oxygen is trapped in the large cavity. Due to the bonding of 5d electrons, the jellium model is not valid for a Ba cluster; accordingly, the situation in Ba oxide clusters is different from that of alkali-metal oxide clusters, where one oxygen atom localizes the valence electrons from two alkali-metal atoms, and the remaining valence electrons from the other alkali-metal atoms are still delocalized to form a jellium sphere ͓9-12͔.
In order to explain the changes in the ionization potential of a barium suboxide cluster, the authors of Ref. ͓6͔ proposed the following idea: the bare cluster Ba 13 is a regular icosahedron, in which the 20 triangles on the surface and the central Ba atom consist of 20 tetrahedrons. If the possibility for an oxygen-containing tetrahedron sharing one face is excluded, there are altogether eight nonadjacent tetrahedrons, which means that the maximum number for O atoms included in a Ba 13 cluster without destroying the structural skeleton is 8, beyond which the structural transition will take place.
We put eight oxygen atoms in eight nonadjacent tetrahedrons of an icosahedral Ba 13 cluster, forming a Ba 13 O 8 cluster. The optimized structure is shown in Fig. 3͑e͒ . However, contrary to the expectation of Ref. ͓6͔, we found that the icosahedron skeleton has already been broken; the mean nearest-neighbor bond length among Ba atoms decreases further to 4.170 Å, and the symmetry for a structural skeleton composed of 13 Ba atoms changes to C s from I h in the icosahedron. This is the reason that no high peak is found for a Ba 13 O 8 cluster in the mass spectra ͓6͔. Why can a high content of oxygen destroy the structure? To illustrate this, we calculated a Ba 13 O 2 cluster, and found that in a stable structure the two oxygen atoms are positioned as far apart as possible, as shown in Fig. 3͑f͒ , which is in agreement with the expectation that it is not preferable for two oxygen atoms to be adjacent ͓6͔. If there is too much oxygen, the strong interaction will destroy the structure of the cluster. In fact, the maximum number of oxygens in a Ba 13 cluster is three ͓6͔ or four ͓28͔, but not eight, which is completely different from the cases of Fe͑Co, Ni͒ oxide clusters. It was found that M 13 O 8 and M 9 O 6 are magic for M ϭFe, Co, and Ni ͓29-31͔. One possible reason for this difference is the magnetic interactions, which is absent in Ba oxide clusters.
IV. SUMMARY
By using an ab initio ultrasoft pseudopotential scheme combined with a molecular-orbital method, the structures of magic Ba clusters and Ba suboxide clusters were studied. The growth mechanism for a Ba cluster was discussed, and the effect of oxygen on Ba cluster structures was analyzed. The following conclusions were obtained: ͑1͒ Small Ba clusters grow in an icosahedral mode, which is induced by 5d-electron bonding. ͑2͒ Due to the large atomic size of Ba, there are large cavities in magic Ba clusters, which make the magic Ba clusters able to trap O atoms. A small number of oxygen atoms can sustain the structural skeleton, which is why barium suboxide clusters can have the same magic numbers as pure barium clusters ͓6,28͔. However, the polyicosahedron structural skeleton will be destroyed if the content of oxygen is too high. This study will shed some light on the bonding features of divalent metal clusters.
